Plakophilin 1 (PKP1) belongs to the arm-repeat protein family which is characterized by the presence of a conserved 42-amino-acid motif. Despite individual members of the family containing a similar type of structural domain, they exhibit diverse cellular functions. PKP1 is ubiquitously expressed in human tissues and, depending on the type of cell, found prominently in the karyoplasm and/or in desmosomes. In surface plasmon resonance detection experiments, we noticed that PKP1 specifically bound zinc but not calcium or magnesium. Therefore we have used circular dichroism spectroscopy, limited proteolysis, analytical ultracentrifugation, electron microscopy and dynamic light scattering to establish the physical properties of recombinant PKP1 depending on the presence or absence of zinc. The a helix content of PKP1 was considerably higher when reconstituted with zinc than without. By atomic absorption spectroscopy 7.3 atoms zinc were shown to be tightly associated with one molecule of wild-type PKP1. The zinc-reconstituted protein formed globular particles of 21.9^8.4 nm diameter, as measured by electron microscopy after glycerol spraying/rotary metal shadowing. In parallel, the average sedimentation coefficient (s 20,w ) for zinc-containing PKP1 was 41S and its diffusion coefficient, as obtained by dynamic light scattering, 1.48 Â 10 27 cm 2´s21 . The molecular mass of 2.44 Â 10 6 obtained from s and D yields an average stoichiometry of 30 for the PKP1 oligomer. In contrast, PKP1, reconstituted without zinc, contained no significant amount of zinc, sedimented with 4.6S, and was present in monomeric form as determined by sedimentation equilibrium centrifugation.
Plakophilin 1 (PKP1) was originally identified as a cellular component withstanding harsh extraction conditions and constituting part of the remnant desmosomal structures from bovine muzzle tissue. It was called`band-6-protein' [1, 2] and immunofluorescence and immunoelectron microscopy localized it in desmosomes, an adhering-junction class of structure that anchors intermediate filaments and which is responsible for maintenance of cellular structure and contacts (reviewed in [3] ). PKP1 has been identified, on the basis of its amino acid sequence, as a member of a group of proteins characterized by variable numbers of so-called arm-repeats, comprising a motif of about 42 amino acids [3±5] . This sequence motif was first identified in the developmentally defined gene armadillo of Drosophila, where its absence disrupts segment formation [6] , and is also found in other junctional plaque proteins such as plakoglobin [7] and b-catenin, as well as in proteins with diverse cellular roles, e.g. a-importin, p120 and APC [8, 9] .
Up to now three closely related PKPs have been described: PKP1 [3±5], the more abundant PKP2 [10] and PKP3 [11] . Detailed analysis has shown that PKP1 and PKP2 occur in at least two splice variants (PKP1a, PKP1b and PKP2a, PKP2b). The PKPs are remarkable because of their widespread occurrence and dual localization: PKP1 and PKP2 are detected in many and diverse cell types as constitutive nuclear proteins, in addition to their occurrence in the desmosomal plaque [10±12] . Their function within the karyoplasm is as yet unknown. In certain states of differentiation, PKPs are recruited to the plasma membrane in a cell type-specific manner, targeted to designated ensembles of plaque proteins where specific intermediate filament proteins are inserted (reviewed in [3, 13] ). PKP1 has been found exclusively in desmosomes of stratified and complex epithelia, PKP3 in desmosomes of simple and stratified epithelia, and PKP2 is also localized in certain nonepithelial, desmosome-possessing tissues, such as myocardium [10±14] . For assembly of functional desmosomes, several proteins have to interact, such as transmembrane proteins and plaque proteins, and the insertion of intermediate filaments has to occur. The protein PKP1 has been shown to interact directly with desmoplakin, one of the major plaque proteins [15] , and to bind at least in vitro to intermediate filament proteins [2, 16] .
In the past years there has been a great expansion in our knowledge of the role of zinc in the structure and function of some proteins. Not only is zinc required for essential catalytic function in enzymes, e.g. alcohol dehydrogenase and RNA polymerase II and III, but also it stabilizes and even induces folding of protein subdomains (reviewed in [17, 18] ). The latter role has been directly illustrated by the structure determination of more than 10 structurally and functionally diverse classes of zinc-binding domains such as classical zinc fingers, the LIM domain, the ring finger and the cysteine-rich domain of protein kinase C (reviewed in [19, 20] ). Quite recently a third aspect of zinc function has been reported, namely the regulatory properties of zinc. Metallothionein, a zinc binding protein, was shown to exchange zinc in response to oxidoreduction reactions of the sulfur donor atoms, and the zinc release was coupled to energy metabolism and the cellular redox state [21±23].
PKP1 does not contain any of the known zinc-binding domains, but there are several conserved cysteine and histidine residues in the bovine, murine and human sequence. This suggested to us that zinc binding may play a role in determining the structure of the native form of PKP1. We therefore investigated whether PKP1 is able to bind zinc, and compared PKP1 reconstituted with or without zinc, by various physical methods. PKP1 specifically bound 7.3 atoms of zinc per protein monomer and sedimented with 41S. This corresponded to an oligomeric complex containing approximately 30 molecules. In contrast, PKP1 reconstituted without zinc stayed mainly monomeric and sedimented with 4.6S.
M A T E R I A L S A N D M E T H O D S

Protein expression and purification
For expression of complete human PKP1 (accession number Z34974) in Escherichia coli the Bsi WI/BamHI 2400-bp fragment of PKP1was subcloned into pET-21d, restricted with NcoI and BamHI, with the help of a 33mer oligonucleotide pair coding for the first 11 authentic PKP1amino acids, to yield pET-21d(PKP1). The constructs of the subdomains, PKP1-N268(amino acids 1±268), PKP1-N353(amino acids 1±353), PKP1-324C (amino acids 324±727), as shown in Fig. 4 , were generated from pET-21d(PKP1) employing endogenous restriction sites and appropriate oligonucleotide pairs to introduce stop codons or start codons, respectively.
For isolation of recombinant proteins, competent bacteria, strain BL21(DE3), were transformed with the corresponding plasmid and grown in 400 mL of TB medium [24] overnight at 37 8C. Enrichment of PKP1 and subdomains of PKP1 in the inclusion body fraction was obtained as described [25] . The solubilized crude protein fraction was directly applied to a 30 mL DEAE-Sepharose column in column buffer I (8 m urea, 5 mm Tris, 1 mm EDTA, 0.1 mm EGTA, 1 mm dithiothreitol, pH 7.5). The proteins PKP1, PKP1-N268 and PKP1-N353 stayed in the flow-through and were directly applied to a 15-mL CM-Sepharose column equilibrated in column buffer I. Bound protein was eluted in a 50-mL gradient of NaCl (0±0.3 m) in column buffer I. Peak fractions were monitored by SDS/PAGE and purified protein was pooled and stored at 280 8C. PKP1-324C was not deposited in bacterial inclusion bodies and therefore bacterial lysates were directly applied to a CM-Sepharose column equilibrated in column buffer II (8 m urea, 30 mm formate, 1 mm EDTA, 1 mm EGTA, 1 mm dithiothreitol, pH 4.0). Elution was performed with a 50-mL gradient of NaCl (0±0.3 m) in column buffer II [24] .
Reconstitution procedure
Protein was diluted to concentrations ranging from 0.2 to 1.0 mg´mL 21 in 5 m urea, 10 mm Tris/HCl, 100 mm ZnCl 2 (pH 7.5), and dialyzed stepwise in dialysis tubes (Servapor, Boehringer Ingelheim Bioproducts, Heidelberg, Germany). The urea concentration was gradually lowered from 5 m to 2.5 m and finally to 0 m in solutions buffered as indicated above. To remove contaminating ZnCl 2 , the samples were either further dialyzed into 10 mm Tris/HCl (pH 7.5) or transferred to filtration units (Centricon 10, Amicon, Witten, Germany) which were subsequently washed by using ten centrifugation steps. To avoid any Zn 21 -contamination of the samples by laboratory dishes, buffers or air, precautions as recommended by Falchuk et al. [26] were followed.
In parallel experiments, protein samples were also processed in buffers without additional ZnCl 2 . In some experiments, as specified in Results, 1 mm dithiothreitol was included in all dialysis buffers. The protein concentration was estimated as described in [25] , or by the extinction coefficient for sedimentation velocity runs and dynamic light scattering experiments.
Structural analysis
PKP1 (0.3 mg´mL
21
) reconstituted with or without zinc was digested with 1.5 U´mL 21 trypsin or 0.1 mg´mL 21 endoproteinase AspN (Boehringer Mannheim, Mannheim, Germany) in 10 mm Tris/HCl (pH 7.5) at 37 8C for various periods of time. The digest was stopped by addition of 3Â Laemmli buffer and analyzed on SDS/PAGE (12.5%) according to [25] .
For circular dichroism measurements preparations of PKP1 (100 mg´mL 21 ) reconstituted with and without zinc were used. Measurements were carried out in a Jasco J-710 automatic recording spectropolarimeter, using a 1.0-mm cylindrical quartz cuvette. Spectra presented are the average of three independent experiments, each of which was signal averaged from four transients and subsequently Fourier-transform processed to remove random noise. Secondary structure estimates were made on the basis of the mean residue ellipticity (u mrw ) values using the pepfit program [27] .
Electron micrographs were taken on PKP1 samples after glycerol spraying/rotary metal shadowing with 40±80 mg´mL 21 protein as described in [25] . PKP1 was reconstituted with and without zinc at 0.3 mg´mL 21 and diluted prior to rotary shadowing. Specimens were examined using a Zeiss transmission electron microscope model 10 (Zeiss, Oberkochen, Germany).
Zinc concentrations were determined using a graphitefurnace atomic absorption spectrometer (model AAS 5EA, Analytik Jena, Jena, Germany). A stock solution of 1 g´L
ZnCl 2 (Titrisol, Merck, Darmstadt, Germany) in 0.02% nitric acid was used for the calibration standard. The calibration standards were freshly prepared for each sample series. Ultrapure water was used from either a Millipore system consisting of a prefilter, active charcoal filter and two mixedbed ion-exchange columns (Millipore, Eschborn, Germany) or an H 2 O-Elgastat system with an organic adsorption and ionexchange cartridge (Elga, High Wycombe, UK). Calibration measurements were performed using 5 mL of standard solution and 5 mL of buffer solution. For protein sample analysis, 5 mL of solution diluted in 0.02% nitric acid were used and each measurement was repeated five times. All reconstitution buffers contained 10 mm Hepes (pH 7.5) instead of 10 mm Tris/HCl. Astacin, a protein known to contain 1 atom of zinc per protein molecule, and apoastacin were used as control protein samples (kindly provided by W. Sto Ècker, University of Mu Ènster, Germany). As a negative control, cytokeratin 18 was processed in parallel with PKP1 wild-type (PKP1) and subdomains PKP1-N268, PKP1-N353 and PKP1-324C.
Binding of divalent ions to PKP1 was determined with surface plasmon resonance (SPR) detection [28±30] using a Bialite TM upgrade apparatus (Biacore AB, Freiburg i. Br., Germany) containing two flow cells. Immobilization of PKP1 on the dextran matrix of the sensor chip (CM5) was performed in flow cell 1 using the running buffer system recommended by the manufacturer (10 mm Hepes, pH 7.4, 0.15 m NaCl, 3.4 mm EDTA, 0.005% surfactant P20) at a flow rate of 5 mL´min
. A 50-mg´mL 21 PKP1 solution in 5 mm maleate (pH 6.0) was injected onto the dextran matrix which had been activated with N-hydroxysuccinimide and N-ethyl-N H -(dimethylaminopropyl)-carbodiimide according to the instructions of the manufacturer (Biacore AB). Unreacted groups were then blocked by subsequent injection of 1 m ethanolamine (pH 8.5). Binding of divalent ions was monitored in parallel in both flow cells in running buffer (10 mm Hepes, pH 7.5, 0.15 m NaCl, 1 mm dithiothreitol, 0.005% surfactant P20) at a flow rate of 10 mL´min 21 at 25 8C. Stock solutions of MgCl 2 , CaCl 2 , ZnCl 2 , CoCl 2 , CdCl 2 were diluted to 100 mm in running buffer. The difference of flow cell 1 (covered with PKP1 in the range of 10±18 ng´mm 22 ) and flow cell 2 (naked surface) was obtained automatically.
Analytical ultracentrifugation was carried out on a Beckman analytical ultracentrifuge (model Optima XLA) equipped with an ultraviolet absorption optical system. The protein absorbances were determined at 280 nm. Details of the ultracentrifugation and data analysis procedures used here have been published in [31] but will be briefly reviewed here again.
Sedimentation velocity experiments were carried out at 20 8C and 40 000 r.p.m. for PKP1 or 20 000 r.p.m. for PKP1 1 Zn. Data were analyzed with the program dcdt [32] and the method is described in detail in [33] . The apparent sedimentation coefficient was calculated from the mean of a Gaussian function fitted to the resulting g*(s) vs. s curve; if several components were apparent in the distribution, multiple Gaussian curves were fitted accordingly. The experimentally determined sedimentation coefficients were corrected to standard conditions (20 8C, H 2 O) by using the relationship [34] :
where v Å is the partial specific volume, r the density and h the viscosity; the index T exp refers to the experimental temperature, T ref to the common reference temperature (here 20 8C), and buf to the buffer solution used. The density of water at 20 8C r 20,w 0.9982 g´mL 21 ; the viscosity at this temperature h 20,w 1.002 mPa´s. For the experiment buffer, the viscosity was measured to be h 20,buf 1.010 mPa´s using a Schott KPG Ubbelohde capillary viscometer with automatic sampler (Schott, Hofheim, Germany).
Sedimentation equilibrium runs were carried out at 20 8C by first presedimenting the sample for 2 h at 20 000 r.p.m. and then reducing the rotor speed to 12 000 r.p.m. Scans were taken every 4 h until no change could be detected between successive runs; this usually took 20 h. The baseline of the centrifugation run was determined by spinning the sample down at 48 000 r.p.m. at the end of the experiment and averaging the absorbance in the first third of the scan. The data were then analyzed with the software provided by Beckman for determining the molecular masses and concentrations of the individual components. First a single exponential fit with fixed baseline was made to the first half of the scan for getting the molecular mass of the smaller component. Then, a twoexponential fit was done to the entire scan, keeping both the baseline and the molecular mass of the smaller component fixed. The molecular mass according to the amino acid sequence and the partial specific volume of 0.723 cm 3´g21 were calculated according to [35, 36] .
Dynamic light scattering measurements were performed on an ALV goniometer (ALV, Langen, Germany) equipped with the ALV SO-SIPD dual photon detector and the ALV-5000 multiple tau digital correlator using the control software provided by the manufacturer. The light source was a Spectra-Physics 2025 argon-ion laser operating vertically polarized at 488 nm in TEM 00 mode with a typical power of 500 mW. The sample cuvette, a cylindrical quartz scattering cell of 1 cm diameter (Hellma, Mu Èlheim, Germany), was in the center of a cylindrical index-matching bath filled with water at 20 8C. Samples were filtered slowly (1±2 mL´min 21 ) through a 0.1-mm or 0.2-mm membrane filter unit (Whatman, Maidstone, Kent, UK) into the cuvette which had been rinsed with at least 10 mL of filtered buffer before use. After careful filtering, dust particles were observed only occasionally (about once every 10 s) over the length of the laser beam traversing the scattering cell. The length of the observed scattering volume was about 200 mm, hence the probability of a dust particle entering this volume was of the order of once every few minutes. Stray dust events were eliminated by collecting the scattered light intensity autocorrelation functions in batches of 10 s. Batches in which intensity peaks occurred that exceeded the mean by more than 30 standard deviations were discarded because of dust contamination. The accumulation was continued for a total of 100 s per angle (ten`good' batches). The accumulated data were then fitted with a squared sum of two exponentials to account for eventual contamination by dust or larger aggregates, which gave rise to slow components in the autocorrelation function [37] .
Each light scattering experiment was done over a range of angles from 45 to 1508 in 58 steps. Potential contamination by dust or larger nonspecific aggregates could be detected, especially at the smaller angles, by the appearance of slow components in the autocorrelation function. We made sure that the main component corresponded to a monodisperse population of molecules by plotting its diffusion coefficient against the scattering angle and verifying that there was no systematic variation.
Diffusion coefficients were corrected to standard conditions (20 8C, H 2 O) by using the relationship [34] :
Finally, the molecular mass was calculated from the sedimentation coefficient s and the diffusion coefficient D through the known relationship:
where v is the partial specific volume, r the solvent density, R the universal gas constant, and T the temperature.
R E S U L T S Zinc binding to PKP1 results in conformational changes
The amino acid sequences of human, murine and bovine PKP1 contain a number of conserved cysteine (21) and histidine (8) residues. Both amino acids are well known as constituents of metal-binding domains in proteins [19] . To verify qualitatively whether PKP1 is able to bind metal ions we used the technique of SPR.
PKP1 was immobilized on the sensor surface, and running buffer supplemented with various divalent ions was sequentially applied. The resonance signal shown is the difference between the protein-coated surface and a blank. The subtraction of the blank was done automatically in the SPR device by measuring the blank surface in parallel in the same running buffer as the chip coated with the sample. When the association curves of various divalent ions were compared, neither 100 mm Ca 21 nor 100 mm Mg 21 showed binding to PKP1, since the resonance signal did not change (Fig. 1) 21 on PKP1 in more detail, PKP1 was reconstituted in solution by stepwise dialysis from urea to buffers, with or without Zn 21 . Circular dichroism was used to compare both preparations of PKP1 in order to collect evidence for changes in secondary structure. Protein reconstituted in buffers containing zinc (PKP1 1 Zn) showed significantly different spectra when compared to PKP1 reconstituted without Zn 21 (Fig. 2) . Computational analysis using the pepfit program [27] yielded 15% helix, 3% b sheet, 40% extended coil and 42% reverse turn for PKP1 1 Zn (coefficient of confidence 0.994). For PKP1, the proportion of ordered structure in helix form was lower, in contrast to a higher proportion of structure in b-sheet form (5% helix, 14% b sheet, 40% extended coil, 41% reverse turn, coefficient of confidence 0.990).
Further differences in folding can be demonstrated using time-dependent proteolysis of PKP1 and PKP1 1 Zn (Fig. 3) . Whereas with trypsin both protein preparations were degraded to a similar extent and yielded a similar fragmentation pattern (Fig. 3A) , the endoproteinase AspN degraded PKP1 1 Zn much more slowly and with a different fragmentation profile: In particular, a fragment of approximately 70 kDa was rather stable (Fig. 3B) . By N-terminal microsequencing, the cleavage site was identified to be at amino acid position 76. In addition, the 70-kDa cleavage product was recognized by a guinea pig serum raised against peptides from the PKP1 C-terminus in Western blot experiments. In PKP1 digests, this 70-kDa cleavage product was also obtained, in addition to several smaller fragments, but was less stable. Thus, zinc-binding by PKP1 apparently results in a structure that is less susceptible to degradation by the endoproteinase AspN.
The zinc content of PKP1 reconstituted in the presence or absence of zinc was quantified by atomic absorption spectroscopy. The zinc concentration in PKP1 preparations was below the detection limit, whereas in PKP1 1 Zn preparations 7.3 (SD 0.4) atoms of Zn per protein molecule were found (Fig. 4) . Moreover, we generated recombinant subdomains of PKP1 and quantified the amount of zinc they bound. A C-terminal fragment, PKP1-324C, comprising seven out of nine armadillo repeats, did not bind zinc in significant amounts. In contrast, two N-terminal fragments, PKP1-N268 and PKP1-N353, bound 3.9 (SD 0.3) and 3.0 (SD 0.3) atoms of Zn/protein molecule, respectively. 
Zinc binding mediates PKP1 oligomerization
The influence of zinc on the structure of PKP1 is most easily demonstrated by electron microscopy. Preparations of PKP1 1 Zn and PKP1 were processed by glycerol spraying/ rotary metal shadowing and analyzed in a transmission electron microscope in order to compare the ultrastructure of both samples (Fig. 5) . In samples of PKP1 1 Zn we found a rather homogeneous population of globular particles of 21.9^3.7 nm diameter. In contrast, PKP1 preparations reconstituted without zinc showed globular particles of 12.3^3.7 nm diameter, globular particles with tails and, rarely, extended rodlets of 18.6^3.6 nm length.
For a more precise characterization of the structure of the assembled protein in PKP1 1 Zn and PKP1 preparations, we used analytical ultracentrifugation. In sedimentation velocity runs, the s values of PKP1 1 Zn and PKP1 were evaluated according to the g*(s) method developed by Stafford [32] . This technique can be used to generate a distribution of s values for a given sedimentation run (see Materials and methods). As shown in Fig. 6A , the distribution of sedimentation coefficients for the zinc-free PKP1 was characterized by a homogeneous Gaussian peak with a mean of 4.6^0.03 S. In contrast, the distribution for PKP1 1 Zn had a peak in the s value at 41^0.15 S, indicating the presence of much larger aggregates (Fig. 6B) . Furthermore, the position of the peak was concentrationdependent: at protein concentrations ranging from 0.03 to 0.11 mg´mL 21 , s value peaks of 41±51 S were obtained (Fig. 6C) . This behavior indicates a polydisperse population of large PKP1 oligomers in the presence of zinc; whether the change in s occurs by a continuous growth of the aggregates or by a shift in equilibrium between oligomers of defined size, cannot be decided here. Nevertheless, the shoulder in Fig. 6C suggests that different oligomer populations exist of discrete size.
The molecular mass of PKP1, reconstituted without zinc, was determined by sedimentation equilibrium ultracentrifugation. As shown in Fig. 7 , the upper part of the sedimentation equilibrium curve can be fitted very well with a curve corresponding to the monomeric protein. The higher molecular mass species contributes only at the bottom of the cell. The sum of the two components fits the data within experimental error. In a two-component fit a value of 71 300^2900 Da was obtained for the main component. The minor species of molecular mass M 2 258 000^5000 was not observed when dithiothreitol was added during in vitro reconstitution (data not shown). This might indicate a small amount of PKP1 oligomerization via cysteine disulfide bridges induced by air oxidation. Alternatively, the thiol group containing reagent dithiothreitol might inhibit the formation of oligomers induced by a residual Zn 21 contamination, as it is known that dithiothreitol can bind zinc on its own [38] . Indeed, the Zn 21 -mediated oligomerization of PKP1 was not observed when PKP1 was reconstituted in the presence of dithiothreitol.
The molecular mass of PKP1 calculated from the amino acid sequence is 80 500, and therefore we concluded that the protein is monomeric in the absence of Zn 21 . Since we determined the molecular mass from sedimentation equilibrium runs at a single rotor speed and used the two-step fitting procedure as described in Materials and methods, the 10% discrepancy between the measured and calculated molecular masses is acceptable. By setting the molecular mass of the smaller species to the theoretical value of 80 500 and floating the baseline in a twocomponent fit, the data can be fitted equally well (not shown). However, the baseline value thus obtained is significantly higher than the value determined from the spin-down at the end of the sedimentation run. An alternative explanation for the Fig. 4 . Schematic drawing of PKP1 wild-type, and subdomains derived therefrom, and zinc content as measured by atomic absorption spectroscopy. PKP1-N268 comprises amino acids 1±268, PKP1-N353 comprises amino acids 1±353 and PKP1-324C is a carboxy-terminal fragment covering most of the arm-repeat domain (amino acids 324±727). The individual arm-repeats are indicated by numbered boxes. deviation might be a partial specific volume that is different from our calculated value. Indeed, preliminary results from sedimentation equilibrium runs at higher salt concentration indicate a slightly higher molecular mass for the small component (data not shown).
The molecular mass of PKP1 1 Zn cannot be determined very precisely by sedimentation equilibrium ultracentrifugation because of its high s value. Therefore we measured the diffusion coefficient of PKP1 were determined. This corresponds to mass values of 92 kDa and 137 kDa, respectively. The first value is in good agreement with a monomeric state for PKP1. The lower diffusion coefficient (i.e. higher apparent molecular mass) for the second sample was due to minor amounts of higher molecular mass species, as confirmed by the sedimentation equilibrium experiments. In circular dichroism measurements for both preparations, PKP1 1 Zn and PKP1, substantial secondary structure was present, indicating refolding of the arm-repeats in the expressed protein. The three-dimensional structure of the armadillo repeat region of two members of this protein family has been determined by X-ray crystallography [39, 40] . The armadillo sequence motif was described as a structural unit of three helices that form an elongated superhelical molecule when tandemly repeated. When visualized by rotary shadowing electron microscopy, PKP1 displayed a variety of shapes, ranging from rodlets to globular particles. The ratio of the measured friction factor of PKP1 to that of an homogenous sphere of the same molecular mass and partial specific volume, f/f o , is 1.3. This suggests a nonspherical form with an axial ratio of 6 for a prolate or oblated ellipsoid [34] . Alternatively, cavities in the protein might increase its hydrodynamic radius by 30%. During sample preparation for electron microscopy, the molecule may have collapsed onto itself to various degrees, giving rise to the observed distribution in shape.
PKP1 possesses a high capacity for binding zinc, i.e. 7.3 atoms of zinc per molecule. This molar ratio is in the range of metallothionein, a small peptide involved in Zn 21 storage [41] , or classical zinc-finger proteins like TFIIIA with nine consecutive zinc-finger domains [42] . Zinc-binding domains are located in the N-terminal portion: a fragment comprising the first 268 amino acids was still capable of binding 3.9 atoms of zinc per protein molecule, while a C-terminal fragment comprising seven out of nine PKP1 arm-repeats bound no significant amount of Zn 21 . As the arm-repeat proteins are most divergent in the N-terminal region, we assume that this zincbinding effect might be restricted to more closely related armrepeat proteins belonging to the known members of the PKP family.
None of the structural zinc-binding domains characterized to date, such as classical zinc finger or LIM fingers [19] , is found in the primary sequence of PKP1. These domains usually contain a CysXXCys motif, also named`rubredoxin'-knuckle, where Zn 21 is bound. However, other amino acid side chains, such as H, D, or E, can also act as Zn 21 ligands [18, 43] and do not necessarily have to be in close proximity in the primary sequence, but may be separated by up to 60 amino acids [44, 45] . Since a significant number of potential Zn 21 -binding residues are located in the primary sequence of PKP1, we did not attempt to identify the actual zinc-binding side chains.
In recent years there have been several reports on Zn 21 -mediated dimerization of proteins. Metal ions were coordinated by residues from both molecules in the dimer interface and thus contributed directly to formation of the dimer [46±48]. There is also increasing evidence that zinc-binding proteins can interact with each other in vivo thereby mediating specific contacts between members of functional complexes and modulating the activity of some of the constituent proteins (reviewed in [49, 50] ). The binding of Zn 21 allows relatively short stretches of polypeptide chains to fold into well-defined units that are well suited to participating in macromolecular interactions. The mechanism by which PKP1 is induced to form the observed high molecular mass oligomers is not known at present. However, the Zn 21 may act intra as well as intermolecularly. Within the desmosomal plaque, PKP1 is embedded in a meshwork of desmosomal proteins and the adhering filament system, consisting of intermediate filaments, and this involves multiple molecular interactions [2, 3] . During zinc deficiency induced by zinc deprivation in rats or parenteral nutrition in humans, a close inspection of the epidermis at the ultrastructural level revealed that desmosomes were poorly developed [51±53]. This implies that zinc plays an important role in the proper formation of desmosomes which our data implies may be mediated by PKP1. Moreover, PKP1 shows a remarkable dual localization. Within the nucleus, Zn 21 -mediated oligomerization of PKP1 might also be of importance for macromolecular assemblies. Currently we are characterizing complexes of PKP1 extracted from cultured cells to verify the in vivo biological role of zinc binding to PKP1. Our in vitro observations suggest that Zn 21 ions modulate PKP1 oligomerization. It is tempting to speculate that such a mechanism may play a more general role in cellular protein complex formation. This would add another function to the already known catalytic, regulatory and structural role of zinc in vivo.
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